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• A multi-physics, multi-scale model evaluates engine component power loss.• Effect of advanced coatings on energy efficiency and emissions is evaluated.• The potential global implications of using advanced coatings is highlighted.
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A B S T R A C T
IC engines contribute to global warming through extensive use of fossil fuel energy and emission of combustion
by-products. Innovative technologies such as cylinder de-activation (CDA), after-exhaust heat treatment, surface
texturing and coatings are proposed to improve fuel economy and reduce emissions of the vehicle fleet.
Therefore, study of coating technology through a comprehensive multi-physics analytical model of engine top
compression ring is important to ascertain ways of promoting energy savings. This paper presents a multi-scale,
multi-physics model of the compression ring-cylinder bore conjunction, using three alternative bore surfaces.
The model comprises ring dynamics, contact tribology, heat transfer and gas blow-by. Tribological and thermal
properties of advanced coatings, such as Nickel Nanocomposite (NNC) and diamond-like carbon (DLC) are
compared with an uncoated steel bore surface as the base line configuration. Such a comprehensive analysis has
not hitherto been reported in open literature, particularly with original contributions made through inclusion of
salient properties of alternative bore materials for high performance race engines. Power loss and FMEP are
evaluated in a dynamometric test, representative of the World-wide harmonised Light vehicles Test Cycle
(WLTC). The NNC coating shows promising tribological improvements. The DLC coating is detrimental in terms
of frictional power loss and FMEP, although it can effectively improve sealing of the combustion chamber. The
differences in power loss of nominated bore surfaces are represented as fuel mass and CO emissions, using
theoretical and empirical relations. For the first time the paper shows that advanced coatings can potentially
mitigate the adverse environmental impacts of spark ignition (SI) engines, with significant repercussions when
applied to the global gasoline-powered vehicle fleet.
1. Introduction
Despite their negative effect upon climate change, relatively in-
expensive fossil fuels account for 85% of expended energy sources.
Climate change may be effectively mitigated and even reversed if a 60%
reduction in harmful emissions is achieved by 2050 [1]. This is a sig-
nificant challenge as 75% of the automotive market is still projected to
rely upon the use of internal combustion (IC) engines, at least up to
2040 [2]. In the meantime, the immediate concern regarding fuel
economy and emissions should be effectively addressed. The efficiency
of IC engines can be improved through their mechanical design, oper-
ating conditions and pertinent properties of the fuel [3–5]. Modern
engines undergo larger thermal and mechanical loads because of their
high output power-to-light weight ratio components [6]. 4–15% of the
fuel energy is consumed in order to overcome friction within a typical
four-stroke IC engine [7]. Piston ring-pack accounts for 40–55% of
these losses [8]. Combustion heat is dissipated from piston to cylinder
bore through the piston compression rings. The sliding friction
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T
generates additional heat at these conjunctions [6]. Hence, the study of
thermal and tribological inefficiencies at these conjunctions is im-
perative to subsequently improve upon fuel economy and emissions.
There have been a fair number of experimental and analytical stu-
dies of piston ring inefficiencies. Furuhama et al. [9] experimentally
mapped the piston and cylinder bore temperatures in a fired engine.
Ring conformability can be accurately predicted using the measured
temperature gradients between these components [10]. The experi-
mental studies have not been restricted to thermal effects. Frictional
power losses of piston rings can be accurately measured using motored
Nomenclature
A apparent contact area
Aa contact area of counter face asperities
Ac cross-sectional area subject to lubricant shear
AR reference area of intake valve
As contact area of piston ring seat-groove conjunction
Av wetted contact area
b piston ring face-width
CD coefficient of discharge
cc specific heat for the bore surface coating
ccs crankshaft offset
cp specific heat of the lubricant
Dv diameter of the intake valve head
E Young’s modulus of elasticity
Ein available fuel energy
Eloss energy loss
E reduced (effective) modulus of elasticity
Fe ring tension
Fg compression ring gas loading
Ft total ring contact load
fb boundary friction
ff total friction
fv viscous friction
h lubricant film thickness
hm minimum lubricant film thickness
ht coefficient of convective heat transfer
I second area moment of inertia of the ring cross-section
kc thermal conductivity of the bore surface coating
kl thermal conductivity of the lubricant
kr thermal conductivity of the piston ring coating
Lg compression ring free end-gap
Lv average intake valve lift
l connecting rod length
m mass flow rate of air-fuel mixture
mf mass flow rate of fuel
ml mass flow rate of the lubricant through the contact con-
junction
N crankshaft angular velocity
nR number of revolutions per engine cycle
Pl power loss
p generated lubricant pressure
pg gas pressure acting on the compression ring
Q generated frictional heat
Qc heat flow rate to the coated bore surface
Qcv convective lubricant heat flow rate
QLHV lower heating value of fuel
Qp heat flow rate through the piston to the compression ring
Qr heat flow rate to the piston ring
Rbore nominal radius of the cylinder bore
Rf thermal resistance through coated surface asperities
Rl thermal resistance through the lubricant film
Rv thermal resistance through the lubricant boundary layer at
the contacting surfaces
r crank radius
S axial profile of piston ring face-width
Sf characteristic length
Sku kurtosis
Spc arithmetic mean peak curvature
Spd peak density of asperities per unit area
Sq root mean square height
Ssk skewness
Tc surface temperature of the coated bore
Te average lubricant temperature
Tin lubricant inlet temperature
Tout Lubricant outlet temperature
Tp piston temperature
Tr surface temperature of piston ring
t time
U lubricant entrainment velocity
Vd cylinder swept volume
Wa load carried by the asperities
Wt total load carrying capacity
xp piston primary displacement
Greek symbols
average radius of curvature of asperity peaks
o Reynold’s viscosity-temperature coefficient
specific heat ratio
lubricant dynamic viscosity
a asperity density per unit area
o reference viscosity of the lubricant
angular displacement of the crankshaft
Stribeck’s lubricant film ratio
pressure coefficient of boundary shear
lubricant density
c density of bore coating
o reference density of the lubricant
composite RMS asperity height of contacting surfaces
o Eyring shear stress
v viscous shear stress
equivalence ratio
angular velocity of the crankshaft
Abbreviations
AFM atomic force microscopy
AFR air-fuel ratio
BDC bottom dead centre
CDA cylinder deactivation
DI direct injection
DLC diamond-like carbon
EHL elastohydrodynamics
EI emission index
FMEP friction mean effective pressure
IC Internal combustion
LFM lateral force mode
NNC Nickel nanocomposite
Nu Nusselt’s number
RMS root mean square
SI spark ignition
TDC top dead centre
TEHL thermo-elastohydrodynamic lubrication
WLTC worldwide harmonised light vehicles’ test cycle
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engine dynamometric tests [8]. In such an approach, cylinder pressures
are not representative of fired operating conditions. Major design
modifications are required to measure frictional losses in fired engines
[8]. Analytical models are important tools for the better understanding
of multi-physics, multi-scale tribodynamics of piston rings. The primary
focus of analytical models has been on lubrication of rigid piston rings
[11,12]. Lubrication models have been developed to incorporate flow
continuity, lubricant transport with starved conjunctions and mixed
regime of lubrication [11,12]. Priest et al [13] studied rigid body dy-
namics and wear of lubricated piston ring conjunctions. Comparisons
between analytical and experimental wear studies indicated that com-
pression rings undergo geometric changes to their profiles after a run-
ning-in period. Therefore, measured ring profiles should be utilised in
any analytical study. Mishra et al. [14,15] developed a transient
thermo-elastohydrodynamic (TEHL) model of the piston compression
ring. They concluded that local deformation of contacting surfaces at
this conjunction is insignificant, whilst lubricant piezo-viscous effect
cannot be neglected. Elastohydrodynamic (EHL) ring models were
employed to study the effects of ring asymmetry and bore out-of-
roundness on frictional losses [16]. Baker et al. [17] investigated the
elastodynamics of flexible rings and its effect on bore conformability
and gas blow-by without taking into account the thermal effects. Styles
et al. [18] used AFM in lateral force mode, for the first time, to char-
acterise nano-scale frictional performance of actual engine piston ring-
bore contact and subsequently used the data in their model. Morris
et al. [19] developed a thermal network model to predict contact
temperature in the piston ring-cylinder bore conjunction. Their results
for rigid piezo-viscous model complied with the findings of Mishra et al.
[14]. Their analysis neglected the combustion heat flow from the piston
to the rings. They mainly studied the contact temperature variations
due to generated sliding frictional heat. They applied their analytical
approach to evaluate the effect of cylinder deactivation (CDA) on piston
ring frictional losses. Rahmani et al. [20] suggested that fuel con-
sumption and subsequent adverse emissions due to tribological effects
can be reduced through optimal control of cylinder bore temperature.
Considering the high efficiency of modern IC engines, further im-
provements would mainly rely on innovative technologies such as CDA
[21], after-exhaust heat treatment [22,23], surface texturing [24,25]
and advanced coatings [26]. The combined study of surface texturing
and mechanical properties of coatings has been recently suggested in
the friction mean effective pressure (FMEP) analysis of gasoline engines
[27]. Bore surfaces are honed using crosshatched or plateau honed
patterns [28,29]. These patterns have also been implemented on coated
cylinder surfaces [24]. Coating technology has been mostly experi-
mentally investigated for IC engine applications under various
conditions, covering standard operation, cold starts, hot scuffing and
accelerated wear [30,31]. Surface coatings can alter the tribological
and thermal behaviour of contacts. They are typically utilised to im-
prove wear resistance in the engine contact conjunctions. Wear pre-
vention does not necessarily improve fuel efficiency [32]. Dahotre and
Nayak [33] suggested that nano-size coating grains can alleviate con-
cerns with respect to coatings’ dimensional stability, amenability to
honing, residual stresses and hot hardness. They showed that Ni-, MoS2-
and graphite-based coatings have good lubricating properties, whilst
Al2O3- and SiC-based materials can improve wear resistance of surfaces
[33]. Nickel nanocomposite (NNC) is an in-situ mixture of wear-re-
sistant and lubricous particulate within an electroplated nickel matrix.
NNC is used to improve tribological behaviour of cylinder bores in ra-
cing applications [32]. Diamond-like carbon (DLC) coatings tolerate
large substrate stresses under extreme EHL contacts such as in cam-
tappet pairs [32]. NNC is studied in this paper due to its similarity with
Ni-SiC, a brand largely used by manufacturers of advanced cylinder
liners for motorsport engines because of its low friction characteristics.
Automotive companies dealing with high performance engines are also
interested in wear resistant DLC cylinder liners if the compromise on
frictional losses is deemed as marginal. Reports associated with the
application of DLC in cylinder bores are largely contradictory. Rejowski
et al [34] reported a 2.5% friction reduction using DLC, whilst Sato et al
[35] observed negligible frictional improvements. Nevertheless, the
effect of coatings on fuel economy and emission levels of IC engines has
not hitherto been reported in a fundamental predictive manner, which
is one of the original contributions of the current study.
Coating technology is an innovative approach in mitigating the
environmental impacts of IC engines. This paper strives to model and
predict the effect of coating materials on the global fuel economy and
emission of the vehicle fleet. Study of tribology and thermal behaviour
of coated engine components assists with the understanding of the
breadth of such an impact. The current study focuses only on a single
piston ring-cylinder bore conjunction. A rigid piezo-viscous contact
model is developed, which captures heat flows from the contiguous
component surfaces onto the compression ring. A thermal network
analysis is carried out, based on the approach of Morris et al [19].
However, the modified thermal model in the current study accounts for
the topography and thermal conductivity of the coating layer as well,
which is another original contribution of the current study. Gas pres-
sure applied behind the piston ring is predicted using a blow-by model,
based on the approach of Namazian and Heywood [36]. The blow-by
analysis is not detailed in this paper for the sake of brevity. Fuel con-
sumption for the nominated bore surfaces is estimated using the re-
lationship between the theoretical power loss and the air-fuel ratio
Fig. 1. Schematics of piston ring – cylinder bore conjunction: (a) tribodynamic model and (b) thermal model.
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(AFR) [37]. CO emission has a simple empirical relationship with AFR
and equivalence in spark ignition (SI) engines [38]. Thus, CO emission
is utilised to qualitatively represent the trend in CO2 emission during
dynamometric testing.
This paper investigates the implication of coating technology on fuel
economy and emissions, incorporating multi-scale, multi-physics mod-
elling of ring dynamics, contact tribology, thermal effects and gas blow-
by. The original contributions of the current research are: (i) analytical
prediction of the effect of coating materials on tribological and thermal
behaviour of piston compression ring conjunction with advanced cy-
linder liners for high performance and motorsport applications, and (ii)
extrapolated environmental impact of in-service advanced coating
technology on the global vehicle fleet fuel economy and emissions. The
current analysis is confined to the study of the piston compression ring-
cylinder liner conjunction of a modified Honda CRF 450R motocross
motorsport engine, which incorporates a compression ring and an oil
control ring. The study does not include the frictional performance of
piston skirt.
2. Methodological outline
A single-cylinder, four-stroke Honda CRF450 motocross motorsport
SI engine is used in the current study. This engine allows for extreme
operating conditions found in modern high-performance engines de-
spite being naturally aspirated and equipped with a carburettor.
Swanson [39] experimentally compared the brake specific CO emission
and fuel consumption of carburettor and fuel injection systems. He
showed that carburettor-equipped SI engines can produce power and
fuel efficiencies comparable to direct injection engines with negligible
differences in their CO emissions [39]. To enable various bore surface
coatings to be tested, the engine cylinder block is modified to accept
changeable cylinder bore inserts.
Fig. 1 shows schematically the dynamic, tribological and thermal
loads of the top compression ring. The analysis comprises rigid-body
dynamics of the ring and a one-dimensional (1D) tribological model
with appropriate rheological functions. Gas pressure applied behind the
inner rim of the piston ring is determined through a gas blow-by model.
A one-dimensional Reynolds equation suffices in order to describe the
lubricated contacts with peripheral bore-to-ring contact width ratio
exceeding 30 [40]. Thermal film shear thinning effect increases the
probability of direct interaction of opposing surface asperities. A
thermal network model based on the concept of a control volume is
deployed to estimate the temperatures of the lubricant and the con-
tiguous rough contacting surfaces (Fig. 1b). The fuel mass flow rate
through the intake valve is described using an isentropic compressible
flow through a flow restriction. Power loss fluctuations are investigated
for the nominated (alternative) bore surfaces. The predicted fluctua-
tions are related to fuel energy and emissions through appropriate
theoretical and empirical models. Finally, the environmental impact of
coating technology is extrapolated to the global vehicle fleet.
2.1. Tribology and dynamics of compression ring
Pressure distribution and lubricant film thickness are evaluated
using one-dimensional Reynolds equation [41] with squeeze film effect,
which takes into account the transient conditions.
= +
x
h p
x
U h
x
h
t6
( ) 2 ( )
3
(1)
It is assumed that there is no side leakage of the lubricant in the
circumferential direction of the bore. This is reasonable due to gen-
erally starved boundary conditions. Furthermore, ring rotation about
the bore axis is considered as negligible [37]. The ring velocity, U , is
the same as the primary sliding velocity of the piston, xp [42]:
= = + ++U x r c rl c rsin cos [ sin ]( sin )p cscs2 2 (2)
where r , l, , and ccs are crank radius, connecting-rod length, angular
position of the crankshaft, its angular velocity and the crankshaft offset
respectively. Inlet and outlet pressures are determined through a blow-
by model, based upon the work of Namazian and Heywood [36]. This
model accounts for ring rigid body dynamics inside its retaining piston
groove. Lubricant density variation with pressure and temperature is
evaluated using modified Dowson and Higginson relationship [43]:
= + ×+ × ×p pp p T T1 0.6 10 ( )1 1.7 10 ( ) [1 0.65 10 ( )]o o o e o9 9 3 (3)
where Te is the average lubricant temperature inside contact. Viscosity
variations with contact pressure and temperature can be predicted
using Houpert’s equation [44]:
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The lubricant film thickness (shape) is given as:= +h x t h t S x( , ) ( ) ( )m (5)
where hm and S x( ) are the minimum film thickness and piston ring face-
width axial profile respectively. Localised deformation of the ring is
neglected due to the relatively low contact pressures in this partially
conforming contact (of the order of a few MPa) [14,19]. The Honda
CRF450 piston compression ring in the current study is made of nitrided
steel with a titanium-nitride (TiN) coating on its contact face-width.
The ring face axial profiles is measured at various locations using the
Alicona infinite focus microscope with a nominal vertical resolution of
10 nm and 50x objective. A 6th order polynomial is fitted to the
averaged ring face axial profile (Fig. 2):
= × + × × + × + ×S x x x x x x x( ) 1.06 10 6.43 10 3.2 10 1.38 10 16.2 5.99 1014 6 9 5 6 4 3 3 2 4
(6)
The units of x and S x( ) are in metres. The contact load can be partly
supported by a thin film of lubricant and partly by the direct contact of
surface asperities on the opposing counter faces (the regime of lu-
brication is mostly mixed). The asperity interactions are significant for
determining the Stribeck’s oil film thickness ratios: = <h/ 4.0,
where is the composite RMS asperity height of contacting pairs [45].
The ring face axial profile is discretised for the calculation of generated
pressures. Thus, the load carried by the asperities is obtained at each
discretised element as [20]:
=W E F Ad 16 2
15
( ) ( )da a i2 5/2 (7)
Fig. 2. Measured ring face axial profile and its polynomial curve-fit.
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where a, , A, E , and i are the number of asperities per unit area,
average radius of curvature of asperity peaks, the apparent contact
area, reduced Young’s modulus of elasticity and the local film thickness
ratio respectively. The asperity contact area in each discretised element
is obtained as [20]:=A F Ad ( ) ( )da a i2 2 2 (8)
The surfaces of plateau-honed cylinder bore and its piston ring
counterpart follow a Gaussian asperity height distribution after the
culmination of the running-in wear. Subsequently, their topography
does not alter significantly [46]. The statistical functions F ( )2 and
F ( )5/2 correlate the real contact area and pressure to the compliance
and Gaussian height distribution of the micro-conjunctions of the as-
perities [45]. The statistical functions are usually approximated using
polynomial curve-fits for ease of computation with the drawback of
reduced accuracy for larger values of [46]. The primitive integral
(anti-derivative) of an exponential function equates to another ex-
ponential function based on the fundamental theorem of calculus.
Hence, an exponential curve-fit can represent the statistical functions
more accurately and also ensures computational simplicity. Eqs. (9) and
(10) are curve-fits to the indicated values in appendix 2 of Greenwood
and Tripp [45], thus:
= +×F ( ) 3.585exp ( 2.495)2 1.2572 22 (9)
= +×F ( ) 6.879exp ( 2.791)2 1.2715/2 22 (10)
Thus, the total load carrying capacity at the piston ring – cylinder
bore interface is calculated as:
= +W W p A(d d )t bb a/2/2 (11)
Greenwood and Tripp [45] contact model is applicable to the elastic
deformation of asperities of rough contacting surfaces. This model ex-
cludes the adhesion between surface asperities described by the more
complex models such as those of Johnson-Kendall-Roberts (JKR) or
Derjaguin-Muller-Toporov (DMT). Piston ring velocity, particularly for
high performance vehicles is very high during engine strokes and only
very momentarily comes to rest at the top and bottom dead centres.
Therefore, asperities on the opposing contacting surfaces do not in-
teract for sufficiently long period of time to form adhesive junctions.
Therefore, the Greenwood and Tripp elastic contact model [45] deemed
to be sufficient for the analysis of boundary friction at piston ring –
cylinder liner conjunction. The ring tension is induced through fitment
of an incomplete circular elastic ring into the cylinder bore. Chamber
gas pressure loading also occurs behind the inner rim of the fitted
compression ring. Both these forces push the ring onto the surface of the
cylinder bore [20]:
= + = +F F F L EI
bR
bR p
3
2t e g
g
bore
bore g4 (12)
where Lg, E , I and pg are the ring free end-gap, Young’s modulus of
elasticity, second area moment of inertia of ring’s cross-section and gas
pressure behind the ring. The viscous shear stress acting on the bore
surface is calculated along the contact interface as:
= p T U
h
h p
x
( , )
2
d
dv (13)
Thus, the viscous friction can be predicted as:
= =f A A A A| | d , where d d dv bb v v v a/2/2 (14)
A thin film of lubricant separates the asperity tips during their direct
interactions. Eyring shear stress, o, determines the shear threshold for
non-Newtonian behaviour of the lubricant. The pressure coefficient of
boundary shear stress of the asperities, , is measured using atomic
force microscopy (AFM) in lateral force mode (LFM). The boundary
lubrication contribution to total friction is evaluated as [20]:
= +f A W( d d )b bb o a a/2/2 (15)
The total friction, ff , becomes:= +f f ff v b (16)
and the power loss is [47,48]:
= + +P p T U
h
h
p T
p
x
A f U( , )
12 ( , )
d
d
dl b
b
b/2
/2 2 3 2
(17)
Friction mean effective pressure (FMEP) is obtained for an engine
cycle as [37]:
=fmep P n
V N
¯l R
d (18)
where nR is the number of crank revolutions per engine cycle. N re-
presents the crankshaft revolutions per second and the mean power
loss, P¯l, is averaged over an engine cycle. The swept volume by the
piston, Vd, is expressed in cubic metres as [37]:=V R r(2 )d bore2 (19)
Reynolds Eq. (1) is solved numerically using finite difference tech-
nique. The ring face profile is discretised into 100 intervals and finite
differences utilised to implement partial differentiation with respect to
the space variable. Pressure convergence is achieved through an itera-
tive solution approach when the pressure convergence criterion:= 10p p pp 4o is satisfied, where p and po refer to pressures at the
current and the previous iteration steps respectively. Contact load
convergence is also sought with the error tolerance: = 10W F WW| | 3t tt .The effect of pressure and film variations on the ring rigid-body dy-
namics is also taken into account. Dynamic state variables (velocity and
displacement) are determined using the Newmark integration method.
2.2. Thermal analysis
Morris et al [19] developed an iterative thermal network model to
predict the temperature of entrained lubricant through the contact as
well as those of the contacting surfaces themselves. Their study focused
on the generated frictional heat in the contact, neglecting any external
heat sources. They also disregarded the effect of conductivity of any
surface coatings. The current analysis accounts for the generated
combustion heat flow through the crevices between the piston ring and
its retaining piston grooves. The effect of bore surface coating is also
taken into account, which affects the conductive heat transfer away
from the contact (Fig. 3). The generated heat, Q, is considered to be the
result of all the frictional power losses in the contact:=Q Pl (20)
This heat is partly carried away through lubricant convection, Qcv,
and partly by conduction through the piston ring coated surface,Qr and
the cylinder bore coated surface, Qc. Therefore:= + +Q Q Q Qr c cv (21)
The convective heat flow rate is evaluated as:=Q m c T T( )cv l p e i (22)
where =m A Ul c represents the mass flow rate through the minimum
gap between the ring and the cylinder bore (minimum film thickness).
Ac, cp and Te are the cross-sectional area normal to the lubricant flow,
specific heat of the lubricant at constant pressure, and the effective
lubricant temperature in the conjunction respectively. Assuming that
the piston ring is stationary and the cylinder bore represents the moving
N. Dolatabadi, et al. Applied Energy 259 (2020) 114129
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part, then the lubricant temperature at the inlet equates the cylinder
bore coating temperature [12,19]. This assumption is justified con-
sidering the heat flux from the cylinder surface prior to the inlet con-
junction (Fig. 1a):
= = ++T T T U T UU U Tin i r r c cr c c (23)
where the subscripts r and c refer to the ring and the coated cylinder
bore surfaces. The generated heat flows through a series of thermal
resistive barriers. These barriers are: (i) conduction through the lu-
bricant film, Rl, (ii) convection through the lubricant boundary layer
adjacent to the contacting surfaces, Rv, and (iii) the flash temperature of
the coated surfaces, Rf .
==
= =
R
R
R i r c( , )
l
h
k A
v h A
fi
S
k A
2
1
m
l
t
fi
i (24)
where kl, kc and kr are the thermal conductivities of the lubricant, the
coated cylinder bore and the coated piston ring. The convective heat
transfer coefficient, ht , at the boundary layer can be predicted, as-
suming a laminar flow through the conjunction ( =h k hNu /t l m). The
characteristic lengths Sfc and Sfr are determined for the cylinder bore
and ring coated surfaces [19] as:
Fig. 3. Schematic of the thermal network model for heat transfer paths within
the contact (not to scale).
Table 1
Engine data.
Parameter Value Unit
Crank radius 31.05 mm
Connecting rod length 107.00 mm
Crankshaft offset to the anti-thrust side 7.50 mm
Bore nominal diameter 95.92 mm
Ring face-width (axial width) 1.15 mm
Ring thickness (radial width) 3.50 mm
Ring free end-gap 14.50 mm
Intake valve stem diameter, Ds 5.475–5.490 mm
Intake valve guide inner diameter, D 5.500–5.512 mm
Intake valve seat width, w/cosβ 1.1–1.3 mm
Intake valve seat angle, β 45 °
Intake valve head diameter, Dv 25.05 mm
Fig. 4. Measured cylinder pressure variations with crank angle and engine
speed.
Fig. 5. Piston primary motion kinematics at 3500 rpm: (a) displacement (zero
indicates the top dead centre) and (b) piston velocity.
Table 2
Mechanical/thermal properties of piston ring: substrate material and the
coating layer [54].
Parameter Piston ring Ring coating Unit
Fe TiN
Young’s modulus of elasticity 200 251 GPa
Poisson’s ratio 0.31 0.25 –
Density 7874 5220 Kg m−3
Thermal conductivity 47–80 19.2 Wm−1 K−1
Specific heat capacity 450 484.9 J kg−1 K−1
Coating thickness – 1.5–3 µm
Table 3
Thermo-mechanical properties of the cylinder bore: substrate material and
three alternative coatings [24,54,57–58].
Parameter Cylinder Bore Bore coatings Unit
Steel DLC NNC
Young’s modulus of elasticity 200 210 165 GPa
Poisson’s ratio 0.31 0.22 0.31 –
Density 7850 3510 5175 Kg m−3
Thermal conductivity 34.3 4.5 42.1 Wm−1 K−1
Specific heat capacity 520 1300 566 J kg−1 K−1
Coating thickness – 2.0 50.0–70.0 µm
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where c and cc are the density and specific heat for the cylinder bore
coating. The bore perimeter is: L= R2 bore. The effective thermal re-
sistance for each surface equates to: = + +R R R Ri l v fi ( =i r c, ). The
thermal resistance barrier due to convective lubricant flow is:=R m c1/e l p. Thus, the lubricant temperature can be obtained as:
= + + ++ +T P R T R R R R T R TR R R R R( ) ( )( )e l l i c r l c r r cc r l c r (26)
The temperature of the piston rises through two distinct mechan-
isms: (i) heat due to friction, and (ii) heat generated by combustion. The
rise in the piston ring temperature is predicted using:
= +T R
R
T T Q( )r
fr
r
e r p (27)
Combustion heat flows through the piston to the piston ring as Qp:
=Q
h A
T T1 ( )p
t pr s
p r
, (28)
where Tp and Tr are the piston and the compression ring surface coating
temperatures respectively. ht pr, is the convective heat transfer coeffi-
cient of the lubricant film between the ring and its retaining groove.
The contact area in this conjunction is As. The cylinder bore tempera-
ture for the Honda CRF450 engine was measured near its internal
surface using thermocouples [49]. This temperature stabilises after 85 s
for various fixed loads and speeds. The speed-averaged temperature is
assumed as the surface coating temperature at the bore substrate-
coating interface (Fig. 1b).
2.3. Fuel energy efficiency
The mass flow rate through the intake valves can be predicted using
a simple orifice model [37,50]. This model neglects the pressure waves
occurring inside the inlet and outlet pipes due to any abrupt expansive
or compressive flows [51]. However, the fuel mass fluctuations can be
approximated as:
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The temperature of the fuel mixture at the inlet valve, To, can be
approximated as the cylinder head temperature. Representative tem-
peratures have been measured and reported in the open literature
[9,37,52]. The cylinder pressure, pT , falls below atmosphere when the
intake valve opens [37,51]. The upstream pressure wave, po, at the
intake manifold is approximately twice the cylinder pressure during the
intake [51]. Specific heat ratio, , is considered to be 1.4. The coeffi-
cient of discharge and the ratio of valve head diameter to average valve
lift are considered to be =C 0.55D and =L D/ 0.2v v [50] respectively.
The reference area, AR, is the characteristic of valve design and equals
the intake valve curtain area [37]:=A D LR v v (30)
The stoichiometric AFR is evaluated for a known fuel chemical
formulation using [37]:
= ++ =AF y y y35.56(4 )12.011 1.008 , where ba , C Hstoich a b (31)
The chemical formulation for gasoline is C H8 15 [50]. The actual AFR
was read from the lambda sensor in an engine test cell for the Honda
CRF450 with =A F( / ) 12actual . The mass flow rate of air-fuel mixture is
known from Eq. (29). Thus, the fuel mass flow rate can be predicted
using the actual definition of AFR as:
= +m mA F( / ) 1f actual (32)
The intake valve opens about 10–25 degrees before the top dead
centre (TDC) and closes 30–70 degrees after the bottom dead centre
(BDC). The available fuel mass in the combustion chamber can be es-
timated using the intake valve timing, tIVO, at various engine speeds.
Thus, the fuel energy available is:=E m Qin f LHV (33)
where the lower heating value of fuel: Q 45LHV MJ/kg. Effective
output energy, Eeff , equals +E E E( )in loss loss . Energy loss for uncoated
cylinder surface, Eloss, is utilised as a reference and any variations from
this value, Eloss, are due to the coating characteristics. For a fixed
Fig. 6. Plateau-honed Cylinder bores with 30° crosshatch angle: (a) Steel, (b) DLC and (c) NNC.
Table 4
Surface topography of the ring and the bore with and without coating.
Parameter Ring Surface Bore surface Unit
TiN Steel DLC NNC
Root mean square height, Sq 0.201 0.482 0.565 0.349 μm
Kurtosis, Sku 3.424 3.240 2.900 3.685 –
Skewness, Ssk −0.283 0.062 0.025 −0.019 –
Density of peaks, Spd 2536 2574 3110 2879 mm−2
Arithmetic mean peak
curvature, Spc
0.053 0.227 0.294 0.202 μm−1
Pressure coefficient of
boundary shear,
– 0.170 0.219 0.149 –
Table 5
Lubricant rheological parameters [19].
Parameter Value Unit
Density 849.7 @15 °C, 833.8 @40 °C Kg m−3
Kinematic Viscosity 59.99 @40 °C, 9.59 @100 °C ×10−6 m2 s−1
Thermal conductivity 0.225 @120 °C Wm−1 K−1
Specific heat capacity 2360 @120 °C J kg−1 K−1
Thermal expansion coefficient 6.5 × 10−4 K−1
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effective output energy, the fuel mass varies with the energy loss fluc-
tuations: =m E Q/f loss LHV . The variations in energy loss are predicted
using the power loss fluctuations during an engine cycle [16] as:
= =E P t P td ·loss t l ave0 cycle (34)
The emissions increase proportional to the excess fuel mass. A
simple empirical relationship is established between the CO emission
and the equivalence ratio, , for spark ignition (SI) engines [38]. CO2 is
the by-product of CO, following the oxidisation reaction
(CO + OH = CO2 + H). Thus, calculated CO values can be considered
as representative of CO2 emission for coated cylinder bores. The
equivalence ratio is:
= A F
A F
( / )
( / )
stoich
actual (35)
where A F( / )actual includes the effect of fuel mass variation, mf . The
following relationship is the CO emission index for SI engines [38]:
= + <+EI exp( 8.395 5.518 ), 12.725 2.78 , 1CO 2 (36)
3. Results and discussion
Table 1 lists the specifications of the single-cylinder, four-stroke
Honda CRF450 SI engine used in the current study. The standard cast
cylinder block was replaced with a wet block design, comprising a
holder block and a cylinder bore. This modification was essential to
simplify the removal of cylinder liners and reduce the cost of experi-
mentation [46]. Despite being naturally aspirated, this engine produces
representative side forces due to the relatively large bore compared
with the more contemporary small-bore turbo-charged engines. Cy-
linder pressures were measured under fired engine dynamometric tests
using a spark plug-type Kistler pressure transducer for a range of
speeds: 3000–6500 rpm (Fig. 4) [53] at 50–75% throttle. Cylinder
pressures at other engine speeds are interpolated using Lagrangian
polynomial interpolation. Appendix A describes the uncertainties in
measurements of all input data such as cylinder pressure, crank-angle
and surface roughness. For the sake of brevity, friction and thermal
studies are detailed only for a single engine speed of 3500 rpm. Fuel
energy and emissions are investigated in a dynamometric test at
average speeds representative of a standard World-wide harmonised
Light-vehicle Test Cycle (WLTC). Fig. 5 shows the piston primary mo-
tion kinematics, using Eq. (2). Angular position and angular velocity of
the crankshaft are the main inputs to Eq. (2). These parameters are
measured from engine dynamometry. Piston velocity can reach 15 m/s
in mid-strokes at 3500 rpm.
Tables 2 and 3 provide the specifications of the mechanical and
thermal properties of the piston compression ring, cylinder bore and
their coating layers. The coating properties in Ref. [54] are provided by
the manufacturer for the same coated cylinder liners in this study. The
piston ring is coated with titanium nitride (TiN) to harden and protect
its surface in sliding motion. A standard steel uncoated cylinder bore
and two bores with nickel nanocomposite (NNC) and diamond-like
carbon (DLC) bore coatings are used in the current study. The cylinder
bores are plateau honed at approximately 30° crosshatch angle (Fig. 6).
The manufacturing process produces crosshatched grooves which serve
as reservoirs of lubricant. This optimal angle has been verified through
various statistical, analytical and experimental studies [24,55–56].
Fig. 7. Frictional variation with crank angle for (a) TiN-Steel conjunction, (b) boundary friction for different cylinder bore surfaces and (c) total friction for different
cylinder surfaces at 3500 rpm.
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Surface roughness parameters were measured at several locations on
the piston ring and cylinder bores using white light interferometry with
50x magnification factor (Table 4). The pressure coefficient of
boundary shear, , of the real rough surfaces was measured for the
cylinder bore surfaces using an Atomic Force Microscope (AFM) oper-
ating in Lateral Force Mode (LFM). Non-conductive silicon nitride tips
with 19–20 nm radii were employed. The test atmosphere was con-
trolled at the temperature of 20 ± 0.5 °C and relative humidity of
50 ± 5%. The experiments were carried out over a 1 µm2 area with
1 µm/sec tip velocity. Further details on the measurement of friction
using AFM and associated data analysis procedures can be found in
[18,54]. The measured values are listed in Table 4. The uncertainty in
the measurement of surface topography is also determined in Appendix
A. Table 5 provides the rheological properties of the lubricant at the
reference temperatures. The effective density and viscosity values are
predicted at the operating temperatures using Eqs. (3) and (4).
The combined tribological and thermal performance of the alter-
native bore surface coatings are analysed in this study. The metho-
dology adapted in this study has already been validated in [20,59,60].
The results for the uncoated surface are used as the baseline for as-
certaining the performance of the coated cylinder bores. Frictional
variations with crank angle are shown for the uncoated steel cylinder
bore in Fig. 7a. The piston compression ring conjunction with the cy-
linder bore undergoes hydrodynamic regime of lubrication for a large
part of the engine cycle. Hence, viscous shear is the main mechanism of
friction generation for much of the engine cycle. The gas pressure acting
behind the inner rim of the piston compression ring rises in the vicinity
of the top dead centre in the compression and combustion strokes. The
lubricant film thickness reduces below the average height of the com-
posite asperity heights of the contacting counter face surfaces in these
Fig. 8. Temperature variation for (a) TiN-steel lubricated conjunction, (b) piston ring surface against alterative cylinder bore coatings and (c) lubricant medium at
nominated conjunctions during an engine cycle at 3500 rpm and ¾ load (base bore temperature).
Fig. 9. Power loss and the variation in the
minimum film thickness, hm, with various cy-
linder bore coating material during an engine
cycle at 3500 rpm.
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parts of the engine cycle. Consequently, the properties of surface
coatings significantly affect boundary friction (Fig. 7b) and heat
transfer. These issues have not hitherto been considered in previously
reported analyses in the open literature. The DLC coating performs
quite poorly during the mixed regime of lubrication as the friction in-
creases by 20 N in comparison with the standard steel cylinder bore
(the baseline surface). This increase is partly due to the poor thermal
conductivity of the DLC (Table 3) and partly due to its high pressure
coefficient of boundary shear (Table 4). Note that the DLC is essentially
a good wear-resistant coating, but has high adhesion because of its
relatively smooth topography. DLC has been shown to effectively
improve the tribological performance of high-pressure elastohy-
drodynamic contacts (> 1 GPa) by preventing the high stresses from
penetrating into the substrate material [61]. Contact pressures are re-
latively low in the partially-conforming compression ring conjunction
and the low thermal conductivity of DLC increases the contact tem-
perature.
Lubricant film shear thinning with temperature exacerbates
boundary friction. NNC coating reduces the boundary friction by less
Fig. 10. Thermal losses due to heat flow rate to (a) cylinder bore and (b) piston
ring during an engine cycle at 3500 rpm (Positive and negative values indicate
flows into and out of the surface, respectively.)
Fig. 11. Considered dynamometric test phases inspired by the WLTC cycle for
Honda CRF450 engine (transitions between consecutive phases are treated
quasi-statically).
Fig. 12. Mean power loss for alternative cylinder bores in an engine cycle at
speeds representative of dynamometric test phases.
Fig. 13. FMEP for the various alternative cylinder bores during the period of
dynamometric test phases.
Fig. 14. Estimated potential fuel mass change per cylinder of the global gaso-
line vehicle fleet (1 billion vehicles with gasoline engines by 2040) based on
dynamometric test phases (zero represents the uncoated steel cylinder bore
surface).
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than 10 N (Fig. 7b). The pressure coefficient of boundary shear is low
for this surface owing to reduced adhesion (Table 4). Its thermal con-
ductivity is higher than steel (Table 3). Fig. 7c shows the combined
effects of viscous and boundary friction contributions during an engine
cycle.
The measured cylinder bore temperature is utilised in the thermal
analysis (Fig. 8a). The bore temperature stabilises after 85 s for various
load-speed combinations [48]. Thus, the stroke-to-stroke temperature
variations is neglected in the current analysis. The predicted lubricant
temperature follows the cylinder bore temperature closely, which is in
accord with the findings of other researchers [12,19]. Heat transfer
from the piston to the piston ring was often neglected in the previous
studies. Therefore, the piston ring and lubricant were reported to follow
similar temperatures. Fig. 8a shows that the piston ring temperature
rises by up to 30 °C above the cylinder bore temperature due to heat
transfer from piston groove lands onto it. Heat flow from ring to lu-
bricant reverses near the top dead centre due to high cylinder bore
temperature. Here the piston ring temperature rises accordingly. Fig. 8b
shows the piston ring temperature variations with different cylinder
surfaces. Steel and NNC surfaces manifest similar thermal behaviours,
whilst the piston ring temperature rises for the DLC coating. NNC has
reduced friction mainly due to its tribological properties. The poor
frictional performance of DLC coating is due to its tribological and
thermal properties in a simultaneous manner. However, the thermal
efficiency of the engine, also comprising thermodynamic combustion
heat as well as friction-generated heat, is expected to improve with DLC
coating due to less heat being lost from the chamber. Lubricant tem-
perature rises mainly through the conduction mechanism, whilst con-
vection through lubricant remains almost unaltered (Fig. 8c). This is
because of the thinness of the lubricant film and generally quite low
lubricant flow through the contact conjunction.
The power losses from the coated surfaces deviate from the un-
coated steel surface during the combustion stroke (Fig. 9). The film
thickness is comparable to the asperity heights during this part of the
engine cycle and consequently mixed regime of lubrication is dominant
(from −30° to 90° crank angles). The DLC conjunction is prone to a
larger power loss due to its higher pressure coefficient of boundary
shear and poorer thermal conductivity. The NNC coating produces less
friction and therefore shows a relatively better tribological performance
than the DLC variant. Fig. 10a and 10b show heat flow rates from the
lubricant to the cylinder bore and the piston ring, respectively. Positive
values indicate the heat flow from the lubricant into the surfaces and
vice versa. The DLC coated cylinder bores better isolate the combustion
chamber thermally under transient conditions, but overall this effect
can be quite marginal. Therefore, heat flow rate through the DLC coated
cylinder bore is lower during the compression and exhaust strokes
(Fig. 10a). Thermodynamic efficiency of the engine can thus potentially
improve using DLC coatings during the part of the cycle with dominant
hydrodynamic regime of lubrication. Fig. 10b shows that the combus-
tion heat flows through the piston ring to the lubricant (i.e. negative
values – however, this can become marginal on the basis of mean
surface temperature with respect to that of the combustion chamber
temperature). Thus, lubricant convection is responsible for the cooling
of the contact. This trend reverses during the combustion stroke where
direct asperity interactions are prevalent. Boundary friction is larger for
the DLC coating and also more friction heat is generated. Therefore, the
temperature gradient between the lubricant and the cylinder bore in-
creases.
Simultaneously, contact thermal resistance reduces for thin lu-
bricant films. Therefore, heat flow rate through the DLC coating is
enhanced relative to that for the uncoated steel surface (Fig. 10a). This
temperature gradient is smaller for the NNC coating and the heat flow
rate reduces during the combustion stroke. Therefore, coating tech-
nology can significantly affect power loss and thermal efficiency of a
single piston ring conjunction. Investigation of its impact on fuel
economy and emission is imperative, considering the global vehicle
fleet with multi-cylinder IC engines.
Legislative authorities have introduced various emission regula-
tions, backed by specified vehicle/dynamometric test cycles. WLTC is
one such cycle. It is a dynamic cycle with realistic driving conditions. It
provides an accurate measure of CO emissions of IC engines [62–64].
Replication of this cycle in a numerical analysis is quite time consuming
and computationally inefficient. Alternatively, a representative dyna-
mometric test, inspired by the WLTC, is utilised (Fig. 11). It comprises
four vehicle speed phases: (i) low speed urban driving in congested
traffic (low), (ii) urban medium speed driving (medium), (iii) combined
urban and motorway driving (high) and (iv) high speed motorway
driving (extra-high). For computational simplicity, the vehicle is as-
sumed to cruise at a constant engine speed and gear (i.e. no gear
shifting) during each of these phases. Gear shifting between consecutive
phases is also neglected and treated quasi-statically. The cruise speed is
determined through the average speed of the vehicle during each phase.
Frictional losses are analysed for the indicative speeds and cylinder
pressures. With these assumptions, the predictive accuracy is somewhat
compromised for the sake of timely computations. With the benefit of
hindsight, the predictive accuracy for fuel economy and emission varies
within an order of magnitude. Moreover, the current study focuses on
the potential gains accrued through use of coating technology available
in the global market.
Mean power loss for a single cylinder is calculated for the nomi-
nated cylinder bores during an engine cycle at speeds representative of
dynamometric test phases and is shown in Fig. 12. The power loss in-
creases with engine speed for these surfaces. Up to 6% power can be
potentially saved using the NNC coating relative to an uncoated cy-
linder bore (Fig. 12). Friction mean effective pressure (FMEP) is a more
meaningful measure for engine performance [37]. Mechanical losses at
the piston ring conjunction vary with surface type, mainly during the
mixed regime of lubrication. Therefore, FMEP is evaluated in transition
from the compression stroke to the combustion stroke (i.e. from −30°
to 90° crank angle), where the most asperity interactions (boundary
lubrication) occurs. The average FMEP for an engine cycle complies
with the findings of Regueiro [65]. Predicted FMEP values are extra-
polated for the duration of each phase of dynamometric test (Fig. 13).
FMEP slightly increases in transition from medium to high speed
phases. During extra high speed phase, boundary interactions are at
their minimum state, leading to lower FMEP values. This can be at-
tributed to formation of slightly thicker lubricant film, resulting in re-
duction in the extent of asperity interactions. The NNC coating at this
phase performs better in comparison with other surfaces.
A study by Exxon Mobil anticipated over a billion SI engines in the
global vehicle fleet by 2040 despite the increasing share of electric-
Fig. 15. Estimated potential CO emission change per cylinder of the global
vehicle fleet with gasoline engines (1 billion gasoline vehicles by 2040) based
on dynamometric test phases (zero represents the uncoated steel cylinder bore
surface).
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powered vehicles [2]. Modern engines are equipped with direct injec-
tion (DI) nozzles. Honda CRF450 supplies fuel through a carburettor
mechanism. Carburettor-equipped SI engines can produce power and
fuel efficiency comparable to the DI engines with negligible differences
in emissions [39]. Therefore, the findings of this study can be gen-
eralised with good approximation. Coating technology potentially im-
proves the engine efficiency at large scale production through the re-
duction of power losses. Fuel input should proportionally vary with
power loss in order to sustain the engine output power (Section 2.3). It
should be noted that this study investigates the new bore surfaces and
an in-depth study of wear effect is proposed for future research. It is
noteworthy that the efficiency and emission analyses presented here are
per cylinder of IC engines.
An indicative estimation of the effect of cylinder bore coatings,
based on the analysis provided in this study, on reduction from con-
sumed fuel by SI engines can be made on a global scale. In this study,
fuel mass and CO emissions are evaluated per cylinder of a typical SI
engine during dynamometric test phases. The potential variations per
cylinder can be extrapolated to the global vehicle fleet with gasoline
engines (~one billion gasoline vehicles by 2040 according to Exxon
Mobil). The use of NNC would therefore potentially reduce fuel con-
sumption by 30 tonnes (Fig. 14). In effect, this coating material can
control the CO emissions, especially under urban driving conditions
(Fig. 15). The predicted values are limited to the top compression ring
of a single cylinder SI engine during dynamometric tests (Figs. 14 and
15). The typical useful lifespan of a modern passenger vehicle is ap-
proximately 200,000 km [66]. Hence, roughly 760 kilo-tonnes of fuel
and 5 kilo-tonnes of CO can be potentially reserved per cylinder of SI
engines using coating technology in the global passenger vehicle fleet.
Fuel mass saving and reduction of emissions will increase further after
accounting for the number of cylinders. Provided that other piston rings
(such as second compression) undergo mixed regime of lubrication, the
extrapolated gain from coating technology would even be higher.
4. Conclusion
More than 75% of the automotive industry would still rely on IC
engines by 2040 in its traditional role, or as a part of a hybrid power-
train or as a range extender. This would be despite a growing trend in
the manufacture of electric vehicles. Coating technology, which is
currently used mostly in high performance racing vehicles, is an in-
novative approach to mitigate the environmental impacts of IC engines
as advocated in this study for use in the global fleet. A comprehensive
multi-scale, multi-physics analytical model of the top compression ring
is developed, integrating system and component rigid body dynamics,
tribology, thermal effects and gas blow-by. Advanced NNC and DLC
coatings are used as alternatives for steel cylinder bore surfaces (a new
bore coating). The combustion chamber can be effectively insulated
using the DLC coating. However, lubricant performance will be
adversely affected by the temperature rise and its load carrying capacity
noticeably diminishes in mixed regime of lubrication. The NNC coating
improves the tribological performance of the piston ring and reduces
the losses due to boundary friction. Similar trends are noted for fric-
tional power loss and FMEP. The analytical study of coating technology
for tribological and thermal behaviour of piston ring conjunction is one
of the original contributions of the current study. The environmental
impact of coating technology on the global fuel economy and emission
has not hitherto been reported in literature. An indicative estimation
indicated that reductions of 380 kilo-tonnes of fuel and 2.5 kilo-tonnes
of CO can be potentially achieved per cylinder of SI engines using the
advanced coated cylinder bores over the lifespan of the gasoline pow-
ered vehicle fleet. It should be noted that the current analysis neglects
the number of cylinders and possible gains which would also be accrued
in the other ring conjunctions of typical ring-packs. Cavitation is af-
fected by surface features such as roughness and textures [67]. The
proposed methodology can be utilised in the future to analyse the in-
terlinked effect of coatings and cavitation on frictional performance and
emissions. Moreover, with progressive hybridisation of future power-
trains, IC engines will still be deployed at least for the next few decades
as the secondary source of power or as range extenders along with
electric power. Downsized IC engines, often operating at non-optimal
temperatures would lead to exacerbated frictional losses and emissions.
Although the focus of this research is not on hybrid powertrains, the
proposed methodology can be applied to investigate the implications of
advanced coating materials on the performance of hybrid systems. Fi-
nally, future work can include direct measurement of frictional losses
and blow-by, affected by alternative surface coatings in controlled dy-
namometric tests. Floating liner can be used for direct measurement of
friction as in Gore et al [68] and blow-by as routinely performed in such
tests. Such investigations would help validation of the methodology
described here and forms a part of the future direction of the current
research.
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Appendix A
Experimental measurements are potentially subjected to two sources of error, including systematic (fixed) and random errors. The former is
reduced through careful calibration. The uncertainty due to random errors can be predicted statistically. Uncertainty of a measured parameter xR,
can be evaluated using:
=x
x
1.96
R
R
R m, (A.1)
where xR m, and R are the mean value and standard deviation of the measured parameter, xR, successively. The total uncertainty,Ut , is the root mean
square (RMS) of the uncertainties due to systematic error, Esys, and random error, xR, i.e.= +U x E( ) ( )t R sys2 2 (A.2)
Some of the measured parameters are inputs to the analytical model. The uncertainties associated with the measured parameters xi ( =i 1, 2, )
are xi. The uncertainty in a calculated function Gf will be ±G Gf f if the system parameters are linearly correlated and Gf can be evaluated as
[69]:
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In the current study, the model parameters are nonlinearly dependent, and the covariance between them is not easily calculated. Therefore, the
uncertainty thresholds for power loss and FMEP analyses are directly evaluated using the error margins reported in Table A.1. The input un-
certainties are used in the numerical model at 6900 rpm. At this speed, pressure and crank angle errors are at their maximum. Table A.2 shows the
uncertainties of power loss and FMEP considering individual and combined errors in the measured parameters.
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